Purpose The purpose of this study was to determine the association between aqueous ET-1 levels and total retinal blood flow (TRBF) in patients with non-insulindependent type 2 diabetes mellitus (T2DM) and early non-proliferative diabetic retinopathy (NPDR). Patients and methods A total of 15 agematched controls and 15 T2DM patients with NPDR were recruited into the study. Aqueous humor (~80-120 μl) was collected before cataract surgery to measure the levels of ET-1 using suspension multiplex array technology. Four weeks post surgery, six images were acquired to assess TRBF using the prototype RTVue Doppler FD-OCT (Optovue, Inc., Fremont, CA, USA) with a double circular scan protocol. At the same visit, forearm blood was collected to determine plasma glycosylated hemoglobin (A1c) levels. Results Aqueous ET-1 was significantly elevated in the NPDR group compared with the control group (3.5 ± 1.8 vs 2.2 ± 0.8, P = 0.02). TRBF was found to be significantly reduced in the NPDR group compared with the control group (34.5 ± 9.1 vs 44.1 ± 4.6 μl/min, P = 0.002). TRBF and aqueous ET-1 were not correlated within the NPDR group (r = − 0.24, P = 0.22). In a multivariate analysis, high A1c was associated with reduced TRBF and aqueous ET-1 levels across control and NPDR groups (Po0.01). Conclusion Aqueous ET-1 levels were increased while TRBF was reduced in patients with NPDR compared with the control group. Although not directly associated, the vasoconstrictory effects of ET-1 are consistent with a reduced TRBF observed in early DR. ET-1 dysregulation may contribute to a reduction in retinal blood flow during early DR.
Introduction
Diabetic retinopathy (DR) is a microvascular complication of the retina and is currently the leading cause of blindness in working age population with diabetes mellitus. Following 20 years of diabetes, a majority of patients with type 1 and type 2 diabetes mellitus will suffer from some form of retinopathy. 1, 2 Alterations in retinal blood flow are one of the earliest abnormalities observed in diabetes. Decreased blood flow has been measured in both animals 3, 4 and humans. [5] [6] [7] [8] Although impairments in retinal blood flow in early diabetes have been reported, early pathogenic mechanisms in early DR are unknown.
Endothelin-1 (ET-1), an endothelial-derived vasoactive factor, is an important regulator of vessel tone and blood flow. 9,10 ET-1 is derived from 'big endothelin', an inactive pre-propeptide that is cleaved by endothelin-converting enzyme. 11 In the eye, ET-1 is synthesized by the vascular endothelium, 11 retinal pigmented epithelium, 12 and non-pigmented ciliary epithelium. 13 The potency and wide distribution of ET-1 in the anterior and posterior poles of the eye suggest an important physiological role in the regulation of the human ocular circulation, especially in diabetes. 14, 15 ET-1 regulates ocular perfusion primarily by modulating vascular smooth muscle 3, 10, 16 and pericytes contractility. 17, 18 Intravitreal administration of exogenous ET-1 reduces retinal and optic nerve head blood flow, 19 leading to localized ischemic retinal damage. 20 Furthermore, several ocular diseases have been associated with the activation of the ET system, including retinal vascular occlusion [21] [22] [23] and open-angle glaucoma. [24] [25] [26] Accumulating studies have proposed that early dysregulation of ET-1 could be the principal cause of the altered retinal blood flow in the early stages of DR. In early experiments by Takagi et al, 4 activation of the endogenous ET system in diabetic rats appeared to be associated with reductions in retinal blood flow, and subsequent treatment using BQ-123, an ET A antagonist, normalized blood flow in this model. Additionally, evidence from streptozotocin-induced diabetic rat model showed an increase in ET peptide and ET receptors in the diabetic retina, 27 which impairs retinal pericyte activity, 28 and influences capillary blood flow. Although endogenous ET-1 levels in the vitreous [29] [30] [31] [32] and plasma 33, 34 are elevated during DR, the functional significance of ocular ET-1 levels to early retinal blood flow hemodynamics have not been established. The current study investigated the presence of ET-1 in human aqueous humor and evaluated changes in aqueous ET-1 levels in human DR patients compared with healthy controls. We also determined the relationship between ET-1 in the aqueous humor of patients with early non-proliferative DR (NPDR) with retinal hemodynamic alterations in early DR.
Materials and methods

Participants
All participants underwent a thorough ophthalmic examination to determine their eligibility for phacoemulsification. Other than the controls, the study included subjects with type 2 diabetes mellitus and no clinically visible or very mild NPDR without the presence of diabetic macular edema. The definition of mild NPDR was based on risk factors identified in the early treatment of diabetic retinopathy study for the development of macular edema (ETDRS 35 ) and included patients with microaneurysms only, without macular edema. All subjects in the NPDR group were non-insulin dependent (NIDDM) and were using oral medications only to control their blood sugar levels. Subjects were excluded if they had any evidence of ocular diseases other than DR, a history of ocular surgery or laser procedures, and any history of systemic conditions other than diabetes and hypertension. Participants taking medications with known effects on blood flow (except for well-controlled systemic hypertension) were also excluded. None of the subjects smoked or had any respiratory diseases. This study was approved by the Research Ethics Board, University Health Network and by the Kensington Eye Institute, Toronto. Informed consent was obtained from each participant and the study was conducted according to the tenets of the Declaration of Helsinki.
Sample size
Using previously published data, total retinal blood flow (TRBF) was found to be significantly lower in patients with diabetes with NPDR compared to healthy controls (42.7 (SD ± 7.5) vs 33.0 μl/min (SD ± 9.2)) (Tayyari et al 36 ) . The standardized effect size was calculated to be 1.054 and the resultant sample size, with an α of 0.05 and a β of 0.8 (ie, power = 80%), was 15 per group.
Aqueous humor collection
Informed consent was obtained from each participant. Pre-scheduled phacoemulsification was performed at the Kensington Eye Institute in Toronto, Canada. Before the intraocular surgery, undiluted samples of aqueous were obtained from all participants to measure ET-1. The method used in the collection of aqueous humor has been described in previous publications. 37, 38 The aqueous samples were thawed at room temperature, vortexed, and then spun at 13,000 × g for 5 min to remove any precipitates. Aqueous humor samples were then separated into aliquots of 30 μl. The samples were stored in an − 80°C freezer until analyses were performed.
Measurement of aqueous ET-1 using multiplex bead analysis
ET-1 concentrations were quantified using MILLIPLEX MAP technology, accurate for small sample volumes (Eve Technologies Corp, Calgary, AB, Canada), using the BioPlex 200 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Capture bead kits (R&D, Minneapolis, MN, USA and Millipore, St. Charles, MO, USA) were used to determine ET-1 (Millipore). The limit of detection for ET-1 was 1.4 pg/ml. The tests were performed in accordance with the manufacturer's instructions.
Assessment of TRBF in participants
Four weeks post-cataract surgery, participants were asked to return for non-invasive retinal blood flow measurements using the RTVue Doppler OCT (Optovue, Inc). Each study eye was dilated with 1% tropicamide and 2.5% phenylephrine eye drops. Briefly, this non-invasive system applies Fourier domain optical coherence tomography (FD-OCT) to extract and calculate volumetric blood flow. The FD-OCT system utilizes a double circular scan protocol (an inner and outer ring size of 3.40 and 3.75 μm, respectively) centered on the optic nerve head. Each ring transects each retinal arteriole and venule passing through the optic nerve head. The Doppler shift (Δf) of the scattered light is the shift between two consecutive circular A-scans and is proportional to the flow velocity (V), which is determined by the vector velocity of the moving erythrocytes. TRBF was calculated by summing the flow from all branch venules. Previous work has shown that retinal arterioles and venules have similar blood flow based on the assumption that inflow is equal to outflow in any sealed system. 39 Further details about the instrument and principals on this system are described elsewhere. 8, [40] [41] [42] The analysis of images was semi-automatic and required manual refining of the vessel diameter which were identified using the computer algorithm. The raw Doppler OCT data are converted to Doppler OCT of retinal circulation grading software (version 2.1.1.4) for image grading and retinal blood flow calculation. For each image, each vessel is compared with a corresponding color fundus image and operators adjust to verify the type of vessel, vessel diameter boundaries, Doppler size, and intensity. The reproducibility of this semi-automatic method has been recently demonstrated by our group. 41, 43 Additionally, the TRBF is corrected for magnification error by axial length for each subject. In FD-OCT, the scan is actually based on a model eye with axial length of 24 mm. Longer axial lengths decrease the magnification of the fundus image, reduce the transverse diameter of the vessel, and increase the apparent Doppler angle, making the velocity and flow appear artifactually low. As described by Srinivas et al, 44 corrected TRBF can be obtained from the formula: corrected TRBF = oTRBF × (axial length/default axial length) 2 . Here oTRBF is the original total blood flow before eye length correction and the default axial length, which is a value of 24 mm. The axial length-corrected TRBF was used in the statistical analyses.
Statistical analysis
All analyses were performed using Statistica System 11.0 software (SAS Institute Inc., Cary, NC, USA). Normality was assessed for all data and all results are presented as the mean ± SD. Differences in TRBF and ET-1 between control and NPDR groups were assessed using a Student's t-test on normally distributed data, and a Mann-Whitney U-test for nonparametric data. The correlation between TRBF, aqueous ET-1, and A1c was determined the Pearson Bivariate correlation test. Multiple linear regression analyses were performed to identify risk factors affecting TRBF and/or ET-1. The model for TRBF included independent variables; age, duration of diabetes mellitus, A1c, and ET-1. In all analyses, two-tailed Po0.05 was considered as statistical significance.
Results
NPDR and control subject demographics
We recruited a total of 30 participants and the characteristics are described in Table 1 . All subjects were age matched to controls (P = 0.88). The stage of retinopathy was confirmed by the collaborating ophthalmologist (SS). There were no significant differences in systolic blood pressure, diastolic blood pressure, or IOP between the NPDR and control groups (P40.451 for all). A1c was significantly higher in the NPDR group compared with the controls (Po0.001).
Comparison of aqueous ET-1 in NPDR and control groups
Aqueous ET-1 levels were analyzed using multiplex bead analysis. Aqueous ET-1 was significantly higher (~35%) in the NPDR group compared with the controls (3.5 ± 1.8 vs 2.2 ± 0.8 P = 0.02) (Figure 1a ). Outliers were defined as values outside the ± 2 SD. Two control subjects were excluded from the study for this reason.
Mean TRBF in NPDR and control groups TRBF was significantly lower (~28%) in the NPDR compared with the controls. The mean TRBF in the NPDR group was 34.5 ± 9.1 μl/min and was 44.1 ± 4.6 μl/min in the control group (P = 0.002), Figure 1b .
Correlation between ET-1 and TRBF
Pearson bivariate correlation test was performed to determine the association between aqueous ET-1 and Aqueous ET-1 in early diabetic retinopathy L-A Khuu et al TRBF. There were no significant correlations found between aqueous ET-1 and TRBF (r = − 0.11, P = 0.63) across all groups. Additionally, there were no correlations found within the control group (r = − 0.26, P = 0.45) or NPDR group (r = 0.15, P = 0.63). There was a significant correlation found between A1c and ET-1 across all subjects (r = 0.69, Po0.01) as well as within the NDPR group (r = 0.64, P = 0.01). Additionally, TRBF was found to be significantly correlated with A1c across all subjects (r = − 0.45, P = 0.02). However, TRBF was not significantly associated with A1c within the NPDR group (r = − 0.13, P = 0.65) 
Multiple regression analyses
Discussion
ET-1 plays an important role in retinal blood flow regulation and may be an important contributor to blood flow abnormalities in DR. 34 The present study showed a significant elevation in aqueous ET-1 levels in patients with type 2 diabetes and NPDR compared with controls. Additionally, the NPDR group demonstrated significantly lower TRBF compared with the control group. Although there were no significant correlations between aqueous ET-1 and TRBF, the observed reduction in TRBF suggests that there is an initial vasoconstriction in type 2 diabetic patients with no or very mild NPDR, this effect could partially be attributed to diabetes-induced increase in ocular ET-1 levels.
This study is the first to report an increase (~35%) in aqueous ET-1 in early DR and normotensive diabetic patients compared with controls. Increased ET-1 has been found in the aqueous of patients with open-angle glaucoma where vascular dysfunction has a suspected pathogenic role. 22 A positive correlation between plasma ET-1 levels, 33 vitreous ET-1, 30 and microangiopathy in patients with type 2 diabetes has been demonstrated. ET-1 is a potent vasoconstrictor involved in the pathogenesis of microangiopathy. 44, 45 Animal studies have shown that the direct injection of ET-1 into the vitreous of non-diabetic rats induces retinal vasoconstriction primarily via ET A receptors, which results in a decrease in retinal blood flow. 4 Overall, there is evidence that increased ET-1 expression, together with ET A receptors located on smooth muscle cells of the retinal arterioles 16 and pericytes, 17 induces vascular constriction, resulting in a reduction in retinal blood flow during diabetes.
As mentioned above, vasoconstrictive factor ET-1 is known to have an important role in the regulation of retinal hemodynamics. Although aqueous ET-1 was upregulated, there was no significant correlation between aqueous humor level of ET-1 and TRBF (P40.634). In healthy individuals, ET-1 elicits a dosedependent vasoconstriction in retinal arteries and pericytes via ET A receptor interaction. 19 However, studies have demonstrated a reduction in physiologic retinal blood flow in response to elevated ET-1 in the diabetic retina and this impaired response may be attributed to the alterations in ET A receptor expression. Additionally, during early stages of diabetes, retinal pericytes demonstrate prolonged desensitization to further ET-1 simulation after the first application of ET-1. Although the exact mechanism is still under investigation, hyperglycemia-induced alterations to ET A expression and/or pericyte desensitization may account for the absence of correlation between aqueous ET-1 and TRBF. Our results are consistent with previous studies by other investigators suggesting that a disturbance in ET-1 production contributes to the reduction in retinal blood flow observed in early diabetes.
The increased ET-1 expression has been associated with hyperglycemia-induced activation of diacylglycerol and protein kinase C (PKC) pathway during early diabetes. 47 Studies have showed that activation of the PKC pathway has an important role in ET-1 expression and in the regulation of retinal hemodynamics. Diabetes-induced ET-1 upregulation associated with PKC activation has been shown to play an important role in the pathogenesis of DR. [47] [48] [49] [50] Consistently, the effect of diabetes on TRBF and ET-1 is highly correlated with hyperglycemia (A1c) (Po0.01 and P = 0.02, respectively). This implies that ET-1 may be an early indicator of diabetes-induced changes in the ocular tissue.
Additionally, retinal microvascular abnormalities might be present in the capillary bed that we were not able to evaluate. Following 1 month of diabetes, animal models of diabetes demonstrated increased retinal ET-1 expression where increased resistance in the distal capillary bed was observed. 51 Consistently, Polak et al 52 have shown that intravitreal administration of exogenous ET-1 leads to reductions in retinal blood flow and ischemic-type properties in healthy participants. Additionally, recent in vivo models by Cheung et al 21 demonstrate that overexpression of endogenous ET-1 by endothelial cells induces mild transient inner retinal ischemia. Altogether, accumulating results suggest that diabetes-induced increases in ET-1 in the ocular tissue may be functionally important in early microcirculatory disruptions in DR. In addition, it is important to note that although ET-1 is a strong regulator of retinal blood flow, it is one of many factors that may directly or indirectly influence blood flow abnormalities in diabetes. It is possible that alteration in TRBF is not directly related to ET-1 alone but also involves the activation of other vasoactive factors, including nitric oxide (NO). Further studies are required to characterize the role of aqueous ET-1 and other factors that may mediate retinal hemodynamic abnormalities in diabetes. Nonetheless, our results have extended these findings by showing disturbances in ocular ET-1 expression occur at the same time as retinal microcirculatory disruptions in early diabetes.
The importance of the mechanisms by which ET-1 modulates vasculopathy has been highlighted by nonocular studies as well, where endothelial dysfunction plays a role. For instance, impaired endothelial macrovascular and microvascular reactivity to endogenous ET-1 has been demonstrated in patients with early glucose intolerance 53 and non-insulin-dependent type II diabetes. 54 Recently, Ahlborg et al 55 showed that treatment using a dual ET antagonist in patients with insulin resistance improved insulin sensitivity, renal blood flow, and resistance, indicating an important role for endogenous ET-1 in endothelial dysfunction. Thus, the augmented ET-1 production and activity represents retinal vascular endothelial dysfunction, which is an early phenomenon in diabetes.
This study has several limitations. First, TRBF is the measurement of retinal venules draining into the optic nerve head, which may not reflect subtle localized changes in the capillary bed during diabetes. However, animal studies have shown that glucose-induced ET-1 expression alters retinal pericyte function, 48, 56 which can occur before alterations in retinal arteriole blood flow. Additionally, blunted retinal blood flow responsiveness to exogenous ET-1 has been seen in humans with type 2 diabetes, 57 suggesting changes in large vessels in terms of homeostatic blood flow might reflect changes in the capillary microvasculature. Second, we collected aqueous humor instead of vitreous samples even though the proximity of vitreous is closer to the retinal vasculature. However, enhanced synthesis of ET-1 expression by non-pigmented ciliary epithelial cells in the anterior chamber during hyperglycemia has been shown previously. 57 Further, activation of PKC is an essential step for synthesis of ET-1 by the ciliary epithelia. 58 Overall, there is reason to suggest that hyperglycemia in diabetes-mediated changes alters ET-1 expression in several ocular tissue, including the aqueous humor. Further studies are required to determine the mechanism of aqueous ET-1 and ET receptor interaction in mediating posterior segment physiology.
Although the exact pathogenic association between ET-1 and the development of retinal blood flow abnormalities remains to be clarified, it is noteworthy that aqueous humor cytokines like ET-1 are impacted in diabetes. This study demonstrated reduced retinal blood flow in patients with diabetes and no or very mild NPDR, which also corresponds with augmented ocular ET-1 levels. Together, measurement of aqueous humor ET-1 could potentially offer prognostic value in the management of DR. Further work is required to evaluate additional aqueous humor cytokines in the pathogenesis of early blood flow abnormalities in DR.
